We study the scattering of a pseudoscalar meson off one ground state octet baryon in covariant baryon chiral perturbation theory (BChPT) up to the next-to-next-to-leading order. The inherent power counting breaking terms are removed within extended-on-mass-shell scheme. We perform the first combined study of the pion-nucleon and kaon-nucleon scattering data in covariant BChPT and show that it can provide a reasonable description of the experimental data. In addition, we find that it is possible to fit the experimental baryon masses and the pion-nucleon and kaon-nucleon scattering data simultaneously at this order, thus providing a consistent check on covariant BChPT. We compare the scattering lengths of all the pertinent channels with available experimental data and those of other approaches. In addition, we have studied the leading order contributions of the virtual decuplet and found that they can improve the description of the πN phase shifts near the ∆(1232) peak, while they have negligible effects on the description of the KN phase shifts.
I. INTRODUCTION
Elastic meson-baryon scattering 1 is a fundamental process that not only can test our understanding of the strong interaction but also plays a relevant role in the studies of the properties of single and multi baryons [1] . For instance, one can derive from pion-nucleon scattering the nucleon sigma term, which is essential to understand the quark flavor structure of the nucleon in the scalar channel and plays an important role in direct dark matter searches [2] [3] [4] [5] [6] [7] [8] . In addition, meson-baryon scattering also provides key inputs in the construction of the chiral baryon-baryon interactions and may affect the equation of state of dense matter at high densities and therefore help to understand the so-called hyperon puzzle [9] [10] [11] [12] in explaining the existence of two-solar-mass neutron stars [13, 14] . Furthermore, meson-baryon scattering appears in the final states of heavier hadron decays and therefore becomes an integrated part in the test of the standard model [15] [16] [17] [18] [19] and in the search of beyond standard model physics [20] . Because of these, one has seen increasing theoretical, such as chiral perturbation theory (ChPT) [21] [22] [23] [24] [25] [26] and lattice QCD [27, 28] , as well as experimental interests [29] [30] [31] [32] [33] in meson-baryon scattering in recent years.
ChPT, as a low-energy effective field theory of QCD, plays an important role in our understanding of the nonperturbative strong interaction physics [34] [35] [36] [37] . In particular, it provides a model independent framework to describe the dynamics of the Nambu-Goldstone bosons interacting among themselves and with other hadrons containing light (u, d, and s) quarks. For comprehensive reviews, see, e.g., Refs. [38] [39] [40] [41] [42] [43] .
The constraints imposed by chiral symmetry and its breaking are the most stringent on the selfinteractions of the Nambu-Goldstone bosons and therefore ChPT has the largest predictive power in the pure mesonic sector. In the one-baryon sector, its predictive power decreases because a large number of unknown low energy constants (LECs) has to be introduced. As only a finite number of them appears in a particular process, this does not severely hamper its applicative power. A further complicating factor is the power counting breaking (PCB) issue. Namely, because of the large nonzero baryon masses m 0 in the chiral limit, lower order analytical terms appear in nominal higher order loop calculations, and therefore a consistent power counting is lost [37] . In the past three decades, several solutions have been proposed. The most studied ones are the heavy baryon
ChPT [39, 44] , the infrared (IR) baryon ChPT [45] , and the extended-on-mass-shell (EOMS)
baryon ChPT [46, 47] . For a short summary and comparison of these different schemes, see, e.g.,
Ref. [48] . In recent years, it has been shown that both formally and empirically, the EOMS BChPT seems to be more appealing because it satisfies all the symmetry and analyticity constraints and converges relatively faster.
Although the EOMS BChPT has been successfully applied to study pion-nucleon scattering [49] [50] [51] [52] [53] [54] [55] , it has not been applied to study kaon-nucleon, or more generally, meson-baryon scattering. Our present study aims to fill this gap. It is particularly timely given the extensive studies of baryon masses [56] [57] [58] [59] [60] [61] and the recent attempt to construct baryon-baryon interactions using covariant BChPT [62] [63] [64] [65] [66] . 2 As mentioned above, meson-baryon scattering connects these studies and provides a non-trivial test of the consistency of BChPT.
This article is organized as follows. In Sec. II, we present the theoretical formalism and calculate meson-baryon scattering amplitudes up to the next-to-next-to-leading (NNLO) order. In Sec.
III, we explain in detail the renormalization of the meson-baryon scattering amplitudes. In Sec. IV, we specify how to remove ultraviolet divergences and power-counting breaking terms in the loop amplitudes. Fitting results and discussions are presented in Sec. V, followed by a short summary and outlook in Sec. VI.
II. THEORETICAL FORMALISM
In this section, we explain in detail how to calculate the meson-baryon scattering amplitudes in covariant BChPT with the EOMS scheme. As pion-nucleon scattering has been studied in this framework previously [49] [50] [51] [52] , we will highlight the new ingredients in extending the study from SU(2) to SU (3) . For details similar to the SU(2) case, we refer the reader to Refs. [49] [50] [51] [52] .
A. Scattering amplitudes and partial wave phaseshifts
In the isospin limit, the standard decomposition of the meson-baryon scattering amplitude reads [37, 68] ,
where p(p ′ ) and q(q ′ ) are the momentum of the initial (final) baryons and mesons, respectively (see Fig. 1 ). Introducing the Mandelstam variables s, t, u, one can rewrite Eq. (1) in an alternative 2 In a recent work [67] , it was shown that one can achieve a satisfactory description of the polarized p-d scattering data below the deuteron breakup threshold and solve the long-standing A y puzzle e with the leading order relativistic 3N interaction (in the power counting of Ref. [62] ). 
where
B. However, as noted in Ref [51] , since the leading part of A and B may cancel each other, one better use B and D to perform the low energy expansion of the scattering amplitudes when extracting the PCB terms.
The above scattering amplitudes can be projected onto specific partial waves in the following form [1] :
where f l 1 and f l 2 take the forms of
3 This can be easily checked by noting that
where E, E ′ , ω, ω ′ are the energy of the incoming and outgoing particles in the center of mass (c.m.) frame, q and q ′ are the c.m. momentum of the incoming(outgoing) mesons, m i and m f are the masses of the incoming and outgoing baryons. The P l above refers to the Legendre polynomials with angular momentum l.
From the partial wave amplitudes, one can obtain the corresponding phase shifts [69] δ l± = arctan{| p|Ref l± (s)}.
In the present work, we will rely on the modern partial wave analysis of the George Washington University group [70, 71] to fix the relevant LECs. 4 
B. Power counting
In ChPT, the relative importance of a certain Feynman diagram contributing to a particular process is determined by its chiral order, ν, whose size is of the order of (p/Λ χ ) ν , where p denotes a generic small quantity and Λ χ the chiral symmetry breaking scale. In the one-baryon sector, where only one baryon is involved in both the initial and the final states, the chiral order for any
given Feynman diagram with L loops, V n n-th order vertices, N M internal meson lines, and N B internal baryon lines, is
In the present context, the small quantities or expansion parameters are
Note that although in principlem here refers to m 0 , the chiral limit baryon mass, in the study of πN and KN scattering, we setm = m N .
C. Chiral Lagrangians
In order to calculate the meson-baryon scattering amplitudes up to the leading one-loop order,
i.e., O(p 3 ), we need the following meson-meson and meson-baryon Lagrangians:
where the superscripts denote the chiral order. The lowest-order meson-meson Lagrangian is
), and F 0 is the chiral limit value of the pseudoscalar decay constant. The traceless 3 × 3 matrix contains the pseudoscalar fields:
The next-to-leading order meson-meson Lagrangian relevant to our study has the following form
The lowest order meson-baryon Lagrangian [73, 74] is
where m 0 is the chiral limit baryon mass, the covariant derivative
The 3 × 3 traceless matrix contains the groundstate octet baryons fields:
The meson-baryon Lagrangian at order O(p 2 ) relevant to meson-baryon scattering has 14 terms of the following form [73] [74] [75] :
The meson-baryon Lagrangian contributing to MB → MB at order O(p 3 ) has 13 terms of the following form [73] [74] [75] :
For Born terms at O(p 3 ) and vertex corrections, we also need the following Lagrangian, which contributes to B 1 → M 1 B 2 and has 10 terms
It should be noted that not all of the O(p 2 ) and O(p 3 ) terms contribute to a specific process.
Particularly, for pion-nucleon and kaon-nucleon scattering, only 24 out of the total 37 LECs contribute. They are tabulated in Table II C.
For an explicit study of the matching between SU(3) and SU(2), we refer the reader to Refs. [24, 76, 77] . In doing so, one should note that the Lagrangians in Eqs. (16, 17, 18) do not share the same
Lorentz structures with those used in SU (2) . To obtain the matching relations between the LECs in the SU(2) and SU(3) Lagrangians, the following relation between D µ and the Dirac matrix γ µ is needed, which reads:Ψ 
where A µ is an external field, and the symbol . = means equal up to terms of higher orders. Neglecting the possible higher order corrections, which is beyond our concern here, it is straightforward to reduce the SU(3) Lagrangians to those of their SU(2) counterparts. We notice that although the application of Eq. (19) only leads to difference of higher orders, which could be ignored from the point of view of effective field theories, it results in a reorganization of the scattering amplitudes when divided into A and B parts. As a consequence, the explicit expressions of the tree level diagrams will be different.
We would like to point out that compared to the 9 free LECs in the πN channel in SU (2) 
where g A refers to the axial-vector current coupling constant. terms. Considering that the differences are two chiral orders higher, we supplement these terms with the terms with exchanged Lorentz indices to make these Lagrangians symmetric with respect to the exchange of Lorentz indices. For instance, the modified b 5 and d 3 terms finally utilized in our calculation read
D. Feynman diagrams up to O(p 3 )
Tree level contact terms
The tree level contributions up to O(p 3 ) are shown in Fig. 2 . In the present work, we focus on the πN and KN sectors. They can be organized into the following four isospin multiplets: πN I=3/2,1/2 and KN I=1,0 . The calculation of the contact terms is rather straightforward and the corresponding results are given in Appendix A.
Tree level Born terms
In general, the amplitude for a Born diagram could be written as
where u i ,ū f refer to the spinors of the incoming or outgoing baryons, q i and q f are the momentum of the incoming or outgoing mesons, m P is the mass of the baryon propagated, and P is the total four momentum. 
The explicit results for the Born diagrams are given in Appendix B.
Mass insertion diagrams
Mass insertions are induced by the SU(3) breaking corrections to the chiral limit baryon mass m 0 , which are of order O(p 2 ) and have the following explicit form:
One easy way to include these corrections is to supplement the intermediate baryon 
Leading one-loop diagrams
The leading one-loop contributions to meson-baryon scattering include the Feynman diagrams shown in Fig. 3 .
The crossed diagrams, if exist, can be obtained with the same replacement rule as in the case of the crossed Born diagrams:
where M i,f refer to the masses of incoming and outgoing mesons. In the numerical evaluation of all these loop diagrams, we adopt physical values for all the quantities appearing in the amplitudes, including decay constants and masses. Employing their chiral limit values only lead to differences of higher chiral order.
In numerical calculations, we utilize the package OneLoop [78, 79] . Due to the complexity of the explicit expressions of the one-loop contributions, they are not explicitly shown in this paper 5 .
Wave function renormalization
The wave function renormalization of the external mesons and baryons are shown in Fig. 4 . 
,
where 
where f (m 
with P 2 = s = m 2 B and can be written as
where m P and M φ refer to the masses of propagated baryons and mesons, m B is the mass of incoming or outgoing baryons, and A 0 , B 0 are the one and two point scalar function in the PassarinoVeltman notation [80] .
The above obtained scattering amplitudes still need some further treatment before being employed to describe meson-baryon scattering. First, since in all the calculations above we used the physical values instead of the corresponding bare ones, the amplitudes must be properly renormalized. Second, the amplitudes involving loop diagrams are ultraviolet divergent. Third, the power 5 They can be obtained from the authors upon request. counting rule specified previously is violated by the non-zero baryon mass in the chiral limit. In the following section, we will explain how we renormalize the amplitudes. The MS − 1 dimensional regularization scheme and the EOMS scheme will be employed to treat the ultraviolet divergence and powering counting breaking problem.
III. RENORMALIZATION
The main purpose of renormalization is to compensate the corrections caused by the differences between physical LECs, masses and decay constants and the corresponding bare ones. In the present work, these corrections will promote the order of the original amplitudes by 2, leading to a contribution at the order of O(p 3 ). Thus we only need to study the O(p) tree level amplitudes.
A. Mass renormalization
The calculation of the diagram (e) in Fig. 3 shows a double pole structure in the amplitudes.
This unphysical structure can be removed, as it should be, after the masses of the propagating baryons in the Born terms are correctly renormalized. Following the same power counting rule as specified above, the physical baryon masses can be expressed up to the NNLO as
where m 0 refers to the chiral limit baryon mass, ∆ N,Λ,Σ,Ξ and Σ O(p 3 ) , given by Eq. (24) and Eq. (28) respectively, denote the NLO and NNLO contributions. As mentioned before, a replace- 
where B denote the incoming or outgoing baryon, and Φ and P represent the intermediate meson and baryon. The last term of the above equation is actually the power counting breaking term, which will be absorbed into m 2 .
Below, we list the expressions for the O(p 3 ) baryon masses:
One can of course simply replace m 2 in Eq. (53) with m phys − Σ O(p 3 ) to complete the mass renormalization, ignoring the resulting higher order differences. However, the treatment here need to be much more careful. The series of studies on baryon masses show that with the EOMS scheme, one can achieve a pretty good and well-converged description at the complete one-loop level, which is N 3 LO. But when limited to NNLO, the convergence is not as good as expected [59] .
Contributions from NNLO and N 3 LO will largely cancel each other. From another point of view, the χ 2 /d.o.f. from a NNLO fit are much larger than a N 3 LO fit, which implies a relatively unsatisfying description. As a consequence, although a direct replacement is not WRONG, it is not appropriate since the higher order contribution, N 3 LO here, to the baryon masses may worsen the description of scattering process at the order of our interest. Thus we expand the amplitudes of the Born terms after the substitution at s = m 
B. Vertice renormalization
Several methods are available to renormalize the vertices. Of course, all of the renormalization methods are eventually equivalent. For instance, the authors in Ref. [51] chose to renormalize the coupling constants with the axial-vector current. In this work, we choose to achieve the vertex corrections at the one loop level via the two-body decay process, as in Ref. [52] . The two-body decays of a baryon up to O(p 3 ) are depicted in Fig. 5 .
The renormalization of the vertices can be schematically expressed as the following:
The five terms on the right hand of the above equation come from tree diagrams (a,b), wave function renormalization (g,h), one loop diagrams (c,d,e,f), and the renormalization of the decay constant, respectively, where Z refers to the wave function renormalization constants, ∆ F is the decay constant at O(p 4 ). The last term is indispensable since we only want to renormalize the coupling constant here while the decay process will definitely involve decay constants. This leads to
The explicit form of A loop can be found in Appendix C.
Substituting Eq. (33) into the Born terms leads to
where the last two terms in Eq. (34) are the correction parts we need and the C 1 re C 2 re A Born has already been omitted since its order is higher.
C. Chiral corrections to the decay constants
To obtain the full meson-baryon amplitudes, one should also take into account the chiral corrections to the decay constants. In practice, one should use the bare decay constant F 0 instead of the corresponding physical ones F π , F K , and F η [36] .
Since the chiral corrections increase the chiral order by O(p 2 ), we only need to replace F 0 with F π , F K , and F η in the tree level diagrams of order O(p 1 ).
IV. ULTRAVIOLET DIVERGENCE AND POWER COUNTING BREAKING TERMS As mentioned above, the one-loop integrals calculated above are ultraviolet divergent. Applying the MS − 1 dimensional regularization scheme, the ultraviolet divergent part can be absorbed into the LECs at the corresponding order.
One can separate the LECs in the counter terms into their finite parts and infinite parts as,
Since the chiral limit baryon mass does not vanish, the naive powering counting rule is broken when the MS − 1 scheme is adopted [37] . As we have mentioned above, in the covariant amplitudes, the A and B parts may cancel each other. It is better to use the modified D and B functions when one removes the PCB parts. Here we apply the EOMS scheme [47] to restore the power counting.
The power counting breaking terms are tightly related to the small quantities in the chiral expansion, which have been listed at the very beginning in Eq. 9. In the present work, since we are working in the SU(3) case, the situation is a bit more complicated because of the mass differences among the octet baryons, which we count as O(p 2 ). To make sure the factor in front of the B part counts as a pure O(p 2 ), we rewrite the scattering amplitude in the following way:
B. Now we can see that we only need to pick up the PCB terms up to Becher and Leutwyler [45] . This provides a simple way to subtract the PCB terms by working out all the regular parts first. Or alternatively, one can perform the chiral expansions of small quantities directly. Once we get rid of all the PCB terms, we obtain
The final A and B functions, where we use A f and B f to distinguish them from A and B, are then
As shown in Ref. [47] , the PCB terms are all analytical and can be absorbed into the LECs at the corresponding orders. Assuming that LEC = LEC b + LEC P CB , we have worked out all the power counting breaking terms, which are explicitly shown in Appendix E.
V. RESULTS AND DISCUSSION
The scattering of a pseudoscalar meson off an octet baryon can be grouped into 11 combinations of isospin and strangeness as tabulated in Table. V. In the present work we focus on the πN and KN channels, because only for these channels partial wave phase shifts are available.
With the amplitudes properly renormalized, we are now ready to determine the LECs by fitting to the partial wave phase shifts. For πN, we chose the phase shifts from the analysis of WI08 [70] in the S 11 , S 31 , P 11 , P 31 , P 13 , P 33 partial waves, where in the convention L 2I,2J L denotes the total orbit angular momentum, I the total isospin, and J the total angular momentum. Correspondingly, the phase-shift analysis of the SP92 solution [71] in the S 01 , P 01 , P 03 , S 11 , P 11 , P 13 partial waves are used for KN where the symbols means L I,2J .
For the πN channels, we chose the phase shifts with √ s between 1082 MeV 6 , which is slightly above the threshold, and 1130MeV, with an interval of 4 MeV. Thus totally we will have 13 points
for each of the 6 partial waves. For the KN channels we follow the same strategy. Starting from 1435MeV to 1475MeV, the interval is set to be 2 MeV, with totally 20 points for each partial wave.
Since WI08 does not provide the errors for the data, we follow Refs. [82, 83] and take
with the systematic error e s = 0.1 • and the relative error e r = 2%.
Throughout the numerical study, we use the physical decay constants for the corresponding vertices. The renormalization scale µ in the loop integrals is chosen to be the average mass of the baryon octet, and them, appearing in the power counting breaking terms via s −m 2 , is taken to equal to the mass of the nucleon, considering that we focus now on the πN and KN channels. The Table. V. 6 It was noted in Ref. [81] that the renormalized scattering amplitudes in the IR scheme actually diverge at threshold because of the term t = (p − p ′ ) 2 appearing in the dominators. The same happens in the EOMS scheme [51] . As a result, in the present work the fitting range is chosen to start from several MeV above the respective thresholds.
A. Fitting strategy one: direct fit to the phase shifts
We found that to describe the pion-nucleon scattering data, one needs to go to at least O(p 3 ).
On the other hand, a reasonable reproduction of the kaon-nucleon data can already be achieved at O(p 2 ). We follow the same strategy in the first attempt to provide a simultaneous fit of both the πN and KN data. Clearly, the EOMS results can describe the phase shifts quite well. Although the data are only fitted up to √ s = 1.13 GeV, the phase shifts are described very well even up to √ s = 1.16
GeV, corresponding to a momentum in the laboratory frame of | p lab | = 200 MeV. In addition, our calculation in SU(3) shows a compatible description compared to that in SU(2), which implies that the inclusion of strangeness has small effects on the fitting results.
We note that in the P 11 channel, the solution of WI08 tends to increase with energy in the higher energy region while the EOMS results, both in the SU(3) and SU(2) cases, decrease. This disagreement has already been noted in Ref. [51] , where the authors point out that including the contribution of the ∆(1232) may improve the description. Inspired by this, we have checked that in SU(3) the inclusion of the lowest order contribution from the decuplet can have the same positive effect, which is shown in Appendix F. One can achieve a pretty good description even up to √ s = 1.2 GeV, quite close to the region of the ∆ resonance. For a description covering this ∆ resonance region, one needs to include the ∆ explicitly, unitarize the amplitudes, and modify the powering counting rule. For the discussion of these, we refer the reader to Ref. [52] . On the other hand, although the HBChPT can describe the s-wave phase shifts, it fails to describe the p-wave phase shifts. For the KN scattering, as noted in the HB study [25, 26] , a quite good description of the phase shifts can already be achieved at NLO. In the present work, we will present two studies of the In Fig. 7 we show our fitted results together with the experimental data. For the sake of comparison, we show as well the HB results of Refs. [25, 26] . It is clear that the EOMS descriptions are slightly better that the HB results when extended to higher energies.
From the above discussions, it is clear that the EOMS provides a satisfactory description of both the pion-nucleon and kaon-nucleon scattering data up to O(p 3 ), while the SU(3) HB ChPT fails.
B. Fitting strategy two: combined study of the baryon masses and meson-baryon scattering
One merit of ChPT (or any other EFT) is that it connects different observables with the same set of LECs. Thus it is interesting to explore how one observable imposes restrictions on others. Taking all these into account, we calculate the baryon masses up to O(p 3 ) in the present work.
Using the chiral limit baryon mass determined in Ref. [56] , m 0 = 0.880 GeV, we determine b 0 , b D , b F by fitting to the experimental octet baryon masses, with the pseudoscalar decay constants fixed as explained above. The resulting LECs and the fitted octet baryon masses are given in Table   VII .
Compared to the fit up to O(p 3 ) to the scattering phase shifts, a combined fit of the baryon masses and scattering amplitudes yields a slightly worse description of the scattering phase shifts to some extent. Particularly, the fitting results are worse in the KN channel where the
increases by a factor of about 4. This is understandable as the number of free LECs decreases.
Despite of this, the negative effects do not spoil the description. For the p-wave, the descriptions of the phase shifts are of very similar quality, whether one fixes b 0 , b D , b F and treats them as free
LECs. For the s-wave, the differences are rather moderate, particularly in the low energy region.
This study indicates that the EOMS BChPT is able to describe the baryon masses and meson- 
2 fixed by fitting to the baryon masses. baryon scattering simultaneously, as it should be. Nevertheless, as mentioned at the beginning of this sector, to draw a firm conclusion, more systematic studies are needed.
As for the sigma terms, we find that meson-baryon scattering up to O(p 3 ) is not very useful at this moment because the tree level contributions at O(p 3 ) in the KN channels are neglected, leading to unusually large b D , b F compared to an independent study of the baryon masses in, e.g.,
Ref. [56] . Thus we will refrain from performing such a study here. 
where |p| refers to the three-momentum of the baryon in the c.m. frame, ℓ is the angular momentum, a is the threshold parameter, r is the effective range and v n are the shape parameters. We can easily obtain the expression of threshold parameters from Eq. (42) 
With the phase shifts obtained in ChPT, one can easily compute the ℓ = 0 scattering lengths. As mentioned earlier, Ref
I
l± cannot be calculated at exactly the threshold because the term t = (p − p ′ ) 2 appearing in the dominator diverges at that point. Thus we follow the strategy of Ref. [52] . We firstly calculate the scattering lengths for energies very close to the threshold and then extrapolate them to the threshold. The scattering lengths for these channels are collected in Table. XI.
It is clear that our results based on the EOMS scheme are in very good agreement with the experimental data and the HB results, while the IR results [24] seem to be compatible with data only in the KN channels.
D. Convergence of BChPT
The convergence of SU (3) BChPT has remained an issue of heated debate for many years. See, e.g., Ref [86] for early discussions, and Refs. [57, 87] for more recent studies of baryon magnetic moments and masses. From the latter studies, it seems that the EOMS scheme can speed up the convergence of BChPT, particularly, in the SU(3) sector. Nonetheless, even in the EOMS scheme, the convergence turns out to be relatively slow. The origin of this slow convergence in the SU(3) sector is the large expansion parameter
, which is approximately 1/2 in the physical world. For a LQCD simulation, the situation can become even worse. In the present work, we show the phase shifts of each order, collected in Fig. 10 for the πN channels and Fig. 11 for the KN channels. Both figures show relatively large contributions from O(p 2 ) and O(p 3 ), and they tend to cancel each other, which indicates that the convergence is not as good as one would like. Actually this problem already showed up in the SU(2) study.
In Ref. [50] , the authors performed a detailed study of πN scattering up to O(p 3 ) in the EOMS scheme. They concluded that the convergence is indeed not very satisfactory. Thus a even slower convergence is expected in the SU(3) case. However, the convergence seems much better once the scattering amplitudes are calculated up to O(p 4 ) as shown in Ref. [51] .
VI. SUMMARY AND OUTLOOK
In this work, we performed a SU(3) study of the meson-baryon elastic scattering up to O(p 3 ) in covariant baryon chiral perturbation theory. Due to lack of experimental data, we focus only on the πN I=3/2,1/2 and KN I=0,1 channels. We applied the extended-on-mass-shell (EOMS) scheme to restore the power counting and determined the corresponding low energy constants by fitting to the experimental phase shifts. We achieved a pretty good description in these channels simultaneously We attempted a combined study of the baryon masses and meson-baryon scattering up to O(p 3 ).
We first determined b 0 , b F , b D using the baryon masses and then kept them fixed in the fitting of the partial wave phase shifts. Our study showed indeed that the EOMS BChPT can describe simultaneously the baryon masses and meson-baryon scattering, but a firm conclusion needs more systematic studies at higher orders. The predicted phase shifts and scattering lengths for other channels listed in Table. V for the case of O(p 3 ) * should be taken with caution since the O(p 3 ) LECs are not fully determined. Thus additional data, such as the cross sections in theKN channel, ought to be taken into account. As the interaction in this channel is by nature non-perturbative, tiled to the existence of a shallow bound state ofKN, the Λ(1405), we leave such a study to a future work.
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The contributions in the respective channels are
• πN
• KN
B. Tree level Born diagrams
Once simplified with the on-shell condition, the amplitude for the Born diagram could be rewritten as
where s is the invariant mass squared, m i , and m f are the masses of the initial and final baryons, 
For the A parts of the Born terms, one would need to perform two replacements
The contributions of the Born diagrams are
I=1 Born
I=0 Born
C. Vertex renormalization
To simplify the final expression, we provide the amplitudes without integrating over the intermediate momentum. The integral can be easily performed with the help of the OneLoop package [78, 79] . The contributions are
where B i , B f , Φ f refer to initial and final state baryons and mesons, Φ is the propagated meson, and P, P 1 , P 2 are the propagated baryons.
In numerical calculations, when limited to πN and KN channels, only vertices listed below are needed,
D. Divergent parts of the LECs
As mentioned in the main text, the LECs can be divided into finite parts and infinite parts as shown in Eq. (37), The divergent parts absorb all the ultraviolet divergence from the loop diagrams.
• KN I=0 P CB
In the above equations, σ = s −m 2 . We have already set the scale µ in the MS scheme to be equal to the chiral limit baryon massm. All these power counting breaking terms are absorbed into the 
F. Decuplet contributions
In this section, we evaluate the contributions of the virtual decuplet to meson-baryon scattering by including the lowest order exchange diagrams. For the construction of HBChPT and covariant
BChPT with ∆ or decuplet fields in general, we refer the reader to Refs. [44, 88] , and Ref. [89] , respectively.
In the following we show the lowest order contributions of the decuplet adopting the so-called δ-expansion [90] . That is, the decuplet contributions are counted differently for energies well below the resonances or around the resonance peaks:
1. low-energy: m φ ∼ p, m ∆ − m N ∼ p propagator.
2. resonance peak:
At the lowest order, the decuplet exchange diagram is shown in Fig.12 . The relevant effective
Lagrangian with decuplet as explicit degrees of freedom is
where we have adopted the so-called "consistent" coupling scheme for the meson-octet-decuplet vertices [91, 92] . T is the tensor collecting the decuplet baryons, B is the baryon octet, and Φ is the Gold-stone boson octet. m D0 here refers to the chiral limit decuplet mass. The total antisymmetric gamma matrix products are defined as The A parts can be easily obtained with the same replacement as that in the Born terms.
We first follow exactly the same fitting strategy as in the decuplet-less case except enlarging the fitting range up to 1.2GeV in the πN channel. A direct fit of these 9 parameters(α 1,...,8 , C) yields a h A = 2.900 (44) , which is almost exactly equal to the value t determined by fitting to the BreitWigner width of the ∆, i.e., Γ ∆ = 118MeV [50, 51] . Thus we fix h A to be exactly 2.9 and fit(refit) the LECs in the KN(πN) channel. The fitting results are collected in Tables XII, XIV, XIII. Taking the lowest order contribution into account, we re-plot the phase shifts with the new set of LECs. The results are shown in Figs. 13, 14 . Clearly, the description is compatible with that in the SU(2) case. Compared with the results without the decuplet contributions, the description is obviously improved up to higher energies, especially for the P 11 channel, as mentioned in the main text. Meanwhile, for the KN channel, taking the decuplet contribution into account or not does not seem to make any appreciable difference.
One interesting point is that the consideration of the decuplet contributions changes the values 
